A new interactive radiative-dynamical-chemical zonally averaged two-dimensional model has been developed at Goddard Space Flight Center. The model includes a linear planetary wave parameterization featuring wave-mean flow interaction and the direct calculation of eddy mixing from planetary wave dissipation. It utilizes family gas phase chemistry approximations and includes heterogeneous chemistry on the surfaces of both stratospheric sulfate aerosols and polar stratospheric clouds. This model has been used to study the effects of the sulfate aerosol cloud formed by the eruption of Mount Pinatubo in June 1991 on stratospheric temperatures, dynamics, and chemistry. Aerosol extinctions and surface area densities were constrained by satellite observations and were used to compute the aerosol effects on radiative heating rates, photolysis rates, and heterogeneous chemistry. The net predicted perturbations to the column ozone amount were low-latitude depletions of 2-3% and northern and southern high-latitude depletions of 10-12%, in good agreement with observations. In the low latitudes a depletion of roughly 1-2% was due to the altered circulation (increased upwelling) resulting from the perturbation of the heating rates, with the heterogeneous chemistry and photolysis rate perturbations contributing roughly 0.5% each. In the high latitudes the computed ozone column depletions were mainly a result of heterogeneous chemistry occurring on the surfaces of the volcanic aerosol. Temperature anomalies predicted were a low-latitude warming peaking at 2.5 K in mid-1992 and high-latitude coolings of 1-2 K which were associated with the high-latitude ozone reductions. The sensitivity of the predicted perturbations to changes in the specification of the planetary wave forcings was examined. The maximum globally averaged column ozone depletions ranged from 2 to 4% for the cases studied.
Introduction
The eruption of Mount Pinatubo (15øN, 120øE) in the Phillippines injected a large amount of sulfur dioxide into the stratosphere on June 15, 1991. Subsequently, sulfuric acid aerosols were formed from the sulfur dioxide, and they gradually spread over both hemispheres. The global distribution and dispersion of the Pinatubo aerosol has been measured by the Stratospheric Aerosol and Gas Experiment II (SAGE II) [1993] reported that global average total ozone measured by the total ozone mapping spectrometer (TOMS) on the Nimbus 7 satellite was 2 to 3 % lower than any year since 1979 when the observations started. Hofmann et al. [1993, 1994] reported large reductions in lower stratospheric ozone in [1992] [1993] Pitari and Rizi [1993] used surface area densities derived from SAGE II satellite data. They calculated ozone depletions of 12% in the high northern latitudes due to the heterogeneous chemistry perturbation and 10% in the tropics due to the combined radiative and heterogeneous chemical perturbations. In the tropics their radiative and chemical depletions were comparable, with the radiative depletion due mostly to photolysis rate changes. Bekki and Pyle [1994] used a detailed aerosol microphysical model with an interactive chemical-radiative-dynamical 2-D model to study the effect of the volcanic perturbation of the hydrolysis of N20 5 on aerosol surfaces. They did not include the radiative effect. They predicted ozone column reductions up to 5-7%, with the largest reductions occurring at high latitudes in both hemispheres. Kinnison et al. [1994] studied the combined chemical and radiative effects of the Mount Pinatubo aerosol perturbation using a chemical-radiative-dynamical 2-D model containing a representation of heterogeneous reactions on PSCs. They included the heterogeneous conversion of N20 5 and of C1ONO 2 on sulfate aerosols, using surface area densities derived from data from both SAGE II and the cryogenic limb array etalon spectrometer (CLAES) on the Upper Atmosphere Research Satellite (UARS). The radiative heating anomaly was allowed to modify either the temperatures or the circulation. When the aerosol heating perturbed the temperatures, they calculated an equatorial temperature increase of 6 K and an equatorial column ozone decrease of 1.5%, while when the aerosol heating perturbed the circulation, they calculated an equatorial column ozone decrease of 6%. The chemical perturbations gave rise to ozone column reductions of 10% in the southern hemisphere high latitudes and 4% in the northern hemisphere high latitudes.
Tie et al. [1994] used an interactive 2-D radiative-dynamicalchemical model to study the Mount Pinatubo aerosol perturbation. The temporal and spatial distributions of the aerosol were given by an aerosol microphysical model. They derived a heating rate anomaly of 0.22 K/d which gave rise to a maximum temperature increase in the tropics of 4.5 K. They calculated ozone column losses of roughly 2% in the tropics due mainly to the circulation and photolysis rate changes and up to 12% in the high northern latitudes due mainly to the heterogeneous conversion of N20 5 and C1ONO 2 on the sulfate aerosols. They did not present computed ozone chan•es for the southern hemisphere since these would be affected by heterogeneous processes occurring on PSCs which were not included in their study.
Of these model studies, the most complete were those of Kinnison et al. [1994] and Tie et al. [1994] . However, the model ofKinnison et al. [1994] , which used observed aerosol data, was not totally interactive in that the radiative heating anomaly could perturb the temperatures or the circulation of the model but not both simultaneously. The model of Tie et al. [1994] , which predicted the aerosol distributions from a microphysical model, was totally interactive but did not include heterogeneous processing on the surfaces of PSCs.
In this paper we present a new radiative-dynamical-chemical global 2-D (latitude-height) model which is totally interactive and which incorporates heterogeneous chemistry on the surfaces of both sulfate aerosols and polar stratospheric clouds. The model has been used to study the stratospheric perturbations following the eruption of Mount Pinatubo. Aerosol surface area densities needed for the heterogeneous chemistry calculations and aerosol optical depths needed for the heating rate and photolysis rate calculations were constrained by observations.
The description of the radiative, chemical, and dynamical components of the model will be given in section 2 and the results in section 3, with section 3.1 devoted to the resulting model climatology with the inclusion of the background aerosol and section 3.2 devoted to the modeled changes due to the volcanic aerosol perturbation. Separate runs are discussed in which the volcanic perturbation is included in the heterogeneous chemistry only, the heating rates only, the photolysis rates only, and finally, a run with the perturbation in the chemistry and radiation.
Model Description
This model couples the Goddard Space Flight Center 2-D fixed transport chemistry model described by Douglass et al.
[1989] and Jackman et al. [1990] with the zonally averaged radiative-dynamical model described by Bacmeister et al. [1995] . In this coupled model, the diabatic heating rates computed from the model temperature and ozone fields determine the temperatures and the transport circulation. The temperature dependences of the gas phase chemical reactions are determined using the model-predicted temperatures. The component radiative, chemical, and dynamical modules are described in the following sections.
Radiation
The method for computing the clear sky heating rates is as described by RosenfieM et al. [1994] . It takes into account solar heating due to ozone, water vapor, and carbon dioxide and infrared heating and cooling due to carbon dioxide, ozone, and water vapor. Latitudinally dependent effective tropospheric cloud heights and amounts were specified. These were determined by trial and error in such a way that the computed top of the atmosphere outgoing longwave flux agreed with satellite observations. This procedure ensures that the upwelling infrared flux reaching the stratosphere from the troposphere is realistic. This is particularly important to achieve in the window region of the spectrum, where the upwelling flux from the lower atmosphere plays a critical role in determining the sign as well
The cloud fields as well as the comparison of the computed outgoing lon•ave flux with obsemations will be discussed below.
The 2-D interactive model currently incorporates an explicit heat source to simulate the release of latent heating in the troposphere. Although the parameterization is highly simplified, it is qualitatively consistent with latent heating distributions derived from data [e.g., Newell et al., 1974] . The latent heating in our model, however, is somewhat stronger overall than the derived values, both in the magnitude of the peak heating and in the heating asymmet• between the northern and the southern hemisphere. The larger latent heating values in our model seine primarily to offset the model's tropospheric temperature deficiency, particularly near the tropical and midlatitude tropopause, and to improve the relative magnitudes and seasonal variation of the subtropical tropospheric jets.
The latent heating parameterization consists of a pair of latent heating nodes, one primarily effective in each hemisphere, which have seasonally va•ing magnitudes. The peak heating for each node occurs at an altitude of 8 km and a latitude of 10 ø into the opposite hemisphere. The magnitude of the heating decreases quadratically in the vertical direction (both upward and downward) over a distance of 8 km. In the polar direction (toward the pole in the hemisphere containing most of the node's heating) the magnitude of the latent heating decreases linearly over a scale of 140 ø. In the tropical direction the heating magnitude decreases quadratically over a distance of 25 ø. Each node achieves its maximum heating at summer solstice in the appropriate hemisphere and zero heating at winter solstice. The maximum heating at the peak in the northern hemisphere is 2. In the infrared the wavelength dependent single-particle cross sections were averaged over the wide bands of our radiation model as in the work of Rosenfield [1992] . This approximation is justified by the optical thinness of the aerosol in any given model layer, in which case the linear approximation of radiative transfer holds. For the near-infrared solar absorption band, from 0.7 to 4 /xm, the cross sections were averaged weighted by the solar flux. If this is not done, the absorption of solar radiation by the aerosol would be overestimated since the solar flux varies with wavelength in a sense opposite to that of the cross section.
The direct radiative effect of PSCs has not been included. This has been estimated to be _+0.1 K/d [Rosenfield, 1992] the method we use is based on probability distributions that describe the longitudinal temperature variability as a function of time of year and location. The condensed volume of type 1 and type 2 PSCs are calculated by using integrals over the probability distributions, thus taking longitudinal variations in temperature into account. The probability distributions were obtained from 15 years (1979-1993) of National Meteorological Center (NMC) temperature data. By using the probability distributions a more realistic description of PSC behavior is obtained. However, a consequence is that the calculated PSC surface area densities will not respond to any changes that may occur to the model temperature field as a result of the volcanic eruption. 
Dynamics
The transport algorithm, which is fully described by Bacmeister et al. [1995] , is a highly accurate, momentum- In this scheme the topography at high latitudes (poleward of 60 ø ) produces anomalously high wave amplitudes which dissipate rapidly and result in excessive meridional diffusion coefficients. We address this difficulty by zeroing the Fourier terms for the topography at all model latitudes poleward of 60 ø in both hemispheres, except for the period between November 1 and April 30. During this period the topographic forcing is retained to a latitude of 80 ø in order to obtain a realistic looking break up of the southern hemisphere polar vortex.
Results

Model Climatology With Background Aerosol
In the control run the model was run for 10 years with the zonally and monthly averaged background aerosol described above. During the first few years of the run the model converges to an approximate annually repeating steady state condition. Zonal mean temperatures and winds from the seventh year of the control run (nominally the year 1990) are shown in 2 , for January and July, respectively. The residual circulation is characterized by wintertime descent and summertime ascent in the extratropics and continuous vertical ascent in the tropics. In the middle to upper stratosphere the meridional velocity is poleward from the summer to the winter hemisphere, while in the lower stratosphere, there is equator to pole motion. The model-computed residual circulation is similar to diabatic circulations computed from observational data [Rosenfield et al., 1987] . The high southern latitude springtime decreases that are computed in 1992 and 1993 are due to an interesting feedback of the perturbed dynamics on the chemistry in the model. There is increased downwelling computed during these times at these latitudes, which brings down higher amounts of water vapor from the middle stratosphere. This in turn leads to an enhancement of the surface area densities of the polar stratospheric clouds so heterogeneous conversion reactions activating chlorine and depleting ozone can take place to a greater extent.
Our heating perturbation is significantly lower than previous estimates. In the months immediately following the eruption we get a net tropical heating increase of roughly 0. Figure 16c shows the same ratios except at a pressure of 51 mbar. In the lower stratosphere the rate of ozone production, determined by J(O2), is reduced more than the rate of ozone loss, leading to a net loss of ozone. In the total ozone column the contributions from the lower stratosphere outweigh those from the middle and upper stratosphere, leading to a net reduction in column ozone at low latitudes.
We now focus on the springtime high southern latitude increases in column ozone, which peak at 75øS, shown in The magnitude of our model computed tropical ozone losses of 2-3.5%, which begin in September 1991, are in good agreement with these observations. However, the maximum computed depletion does not occur until early 1992, while in the observations, the maximum occurs in the fall 1991. In the middle and high northern latitudes the 8-10% losses computed by the model agree fairly well with the data presented by R95, as does the greater magnitude and spatial extent of the 1993 depletion compared with that of 1992. The timing of the middle and high northern latitude losses in both years appears to be shifted about two months later than observations. In the model these losses do not begin until the springtime, while in the observations they begin in early winter. This is probably related to the fact that the model does not take into account the off-the-pole motion of the vortex, which would allow air parcels to experience sunlight at earlier times. The high northern latitude depletion is larger in 1993 than in 1992 in our model, in agreement with R95. This is because the radiative perturbation, which gives rise to ozone increases due to downwelling, has fallen to lower magnitudes in 1993 compared to 1992. The fact that Tie et al. [1994] compute greater highlatitude ozone losses in 1992 than in 1993 is probably related to the fact that their radiative perturbation is much larger than ours. Similarly, Kinnison et al. [1994] conclude that in their model the heterogeneous effects are not large enough to outweigh the production of ozone at high latitudes from increased circulation. This may be a result of the larger heating rate anomaly in their radiative perturbation.
In The model has been used to study the effects of the Mount Pinatubo aerosol cloud on stratospheric temperatures, dynamics, and chemistry. Aerosol surface area densities and wavelength dependent extinctions were derived from SAGE II 1/•m extinction coefficient data. The volcanic aerosol perturbation was included in the heterogeneous chemistry, the heating rates, and the photolysis rates in separate runs, and a combined run in which it was included in the chemistry and radiation. In the low latitudes in the months immediately following the eruption, ozone column depletions of 1-2%, 0.5%, and 0.5% were computed due to the perturbed heating rates, photolysis rates, and heterogeneous chemistry, respectively. The combined effect was to produce a net ozone loss of 2-3% in the tropics, in good agreement with observations. The computed changes in the ozone mixing ratios showed depleted ozone in the lower stratosphere with enhanced ozone at higher altitudes, in accord with observed profile changes.
In the high latitudes there were computed springtime depletions of 8-10% in the northern hemisphere and 12-20% in the southern hemisphere. The model middle and high latitude northern hemisphere losses were larger in magnitude and greater in spatial extent in the spring of 1993 than in 1992, in agreement with observations. This was due to less cancellation in the later year of the decreases due to the heterogeneous chemistry by the increases due to the downwelling produced by the heating rate perturbation.
A low-latitude warming of 2.5 K was predicted in the middle of 1992 as a result of the perturbation in the heating rates. This is in good agreement with the 2-3 K tropical warmings observed. High-latitude coolings of 1-2 K due to the springtime ozone depletions were computed. Computed global average temperature increases of 1-1.5 K are also in good agreement with observations. Computed global average ozone losses reached 1% at the end of 1991 and fell to a low of 3.2% around September 1992, after which the ozone began recovering. The computed global ozone changes were within 1% in absolute magnitude of those observed by the TOMS instrument. The sensitivity of the predicted perturbations to changes in the specification of the planetary wave forcing parameters was examined. For the cases studied, the maximum globally averaged column ozone losses ranged from 2 to 4%.
